MiR-495 is a tumor-suppressive microRNA that participates in tumor progression in human cancers. However, its expression and biological function in osteosarcoma remains unknown. In this study, we firstly found that miR-495 is markedly downregulated in both osteosarcoma tissues and cell lines. Then we demonstrated that miR-495 suppresses the invasion and metastasis of osteosarcoma cells in vitro through inhibiting epithelial to mesenchymal transition. Function of miR-495 in vivo was also examined in mice xenograft model and we found it significantly inhibiting the lung-metastasis of osteosarcoma cells. We also demonstrated that HSP90AA1 is a direct target of miR-495 using luciferase reporter assay and Western blot analysis. Furthermore, knockdown of HSP90AA1 can restore the increased cell invasion and migration in miR-495-knockdown cells and over expression of HSP90AA1 can neutralize the impaired metastatic ability of miR-495 mimic-treated cells. This metastasis-suppressive role of miR-495 in osteosarcoma is achieved by HSP90AA1-mediated PI3K/Akt/mTOR signaling pathway. Overall, our findings proved for the first time that miR-495 acts as a tumor suppressor in osteosarcoma and inhibits cell migration and invasion by targeting HSP90AA1, thus offering a promising therapeutic target for osteosarcoma treatment.
INTRODUCTION
Osteosarcoma is the most frequent primary malignancy bone tumor and occurs mainly in adolescents and young adults [1] . Neoadjuvant chemotherapy with surgical resection has markedly improved the prognosis in the past few decades [2] . However, the prognosis of osteosarcoma is still poor due to a relatively high rate of metastasis [3, 4] . The 5-year survival rate of patients with lung metastasis is only 30% [5] . Therefore, identification of the biological process and molecular mechanism involved in the metastasis of osteosarcoma is of significant value for improving the patients' prognosis.
MicroRNAs (miRNAs) are small non-coding single stranded RNAs that suppress a large number of target genes [6, 7] . Accumulating evidence has indicated that miRNAs participate in a broad range of biological processes, such as proliferation, apoptosis, invasion and metastasis of different kind of tumors [8] . MiR-495, as a tumor-suppressive miRNA in most cases, has been shown to be under-expressed and to repress various target genes to inhibit the malignant processes of several types of tumor [9, 10] . However, there are different views on the role of miR-495 in regulating tumor invasion and migration. It has been reported that miR-495 suppresses the aggressive behaviors of glioma [11] , prostate cancer [12] and esophageal squamous cell carcinoma cells [13] . However, in breast [14] , bladder [15] and gastric [16] cancer cells, this miRNA promotes tumor invasion and migration. Importantly, there has been no research focusing on the role of miR-495 in osteosarcoma metastasis. Therefore, to explore how miR-495 participates in osteosarcoma progression, especially its effect on the invasion and migration of osteosarcoma cells, aiming at discovering novel targets for treatment becomes our goal of study.
In this study, for the first time, we confirmed the suppressive role of miR-495 in osteosarcoma metastasis both in vitro and in vivo. Also, we are the first to demonstrate that miR-495 directly suppresses HSP90AA1 to inhibit the invasion and migration of osteosarcoma cells. This metastasis-suppressive function of miR-495 is achieved by inhibiting the epithelial-mesenchymal transition (EMT) via HSP90AA1-mediated the PI3K/Akt/ mTOR pathway.
RESULTS

miR-495 is downregulated in osteosarcoma tissues and cell lines
Paraffin-embedded tissue specimens of matched normal soft tissues and primary tumor tissues were collected from 10 osteosarcoma patients in XiJing Hospital. We extracted the total RNA including miRNAs in these tissues and qRT-PCR analyses showed that compared with the average expression level in normal soft tissues, miR-495 was significantly downregulated in tumor tissues ( Figure 1A) . Similarly, we found that compared with the normal osteoblast cell line hFOB1.19, osteosarcoma cell lines HOS, MG-63 and Saos-2 all showed decreased level of miR-495, among which MG-63 expressed the lowest level and HOS expressed the highest level ( Figure 1B ).
miR-495 inhibits the invasion and migration of osteosarcoma cells in vitro
To test the effect of miR-495 on the invasion and migration of osteosarcoma cells, we introduced mimic NC/miR-495 mimic into MG63 cells which had lower level of miR-495 and transfected HOS and Saos-2 cells which had higher levels of miR-495 with inhibitor NC/ miR-495 inhibitor (Figure 2 ). Wound-healing assays and matrigel invasion assays indicated that when exogenous miR-495 was introduced, MG-63 cells showed decreased capability of migrating to the monolayer of wounded cells ( Figure 2A ) and invading through the matrigel treated trans-well chambers ( Figure 2B ). On the contrary, when the endogenous miR-495 was inhibited, HOS and Saos-2 cells presented increased migration and invasion ability compared with inhibitor NC-treated cells (Figure 2A and  2B) . These results demonstrated that miR-495 inhibits the invasion and migration of osteosarcoma cells in vitro.
miR-495 suppresses EMT as well as the invasion and migration of osteosarcoma cells in vivo
To further explore if the anti-metastatic miR-495 also inhibits epithelial-mesenchymal transition (EMT) of osteosarcoma cells, we tested levels of epithelial protein E-cadherin, mesenchymal protein Vimentin and transcription factors Snail1 and zinc finger e-box binding homeobox (ZEB1) which are known EMT markers under the above-mentioned treatments ( Figure 3A and 3B). Results showed that miR-495 mimic treatment significantly drove the MG-63 cells towards an anti-EMT direction, indicated by decreased Snail1 and ZEB1 on mRNA level ( Figure 3A ) and decreased Vimentin and increased E-cadherin on both mRNA and protein levels ( Figure 3A and 3B). Whereas miR-495 inhibitor treatment resulted in significant changes towards EMT in both HOS and Saos-2 cells (Figure 3A and 3B Figure  3C ). These data suggested that miR-495 suppresses EMT as well as the invasion and migration of osteosarcoma cells in vivo.
HSP90AA1 is a direct target of miR-495
Using publicly available algorithms of TargetScan, PicTar and miRanda, we found HSP90AA1 the sole target gene of miR-495 predicted by all of the three algorithms.
To verify this prediction, we cloned the 3ʹ-untranslational region (3ʹ UTR) of HSP90AA1 with wild type (WT) and mutated (MT) miR-495 target site into a PGL3-msc2 vector ( Figure 4A ). In the luciferase reporter assays, readings of the relative activity markedly decreased in the miR-495 mimic-and WT 3ʹ UTR vector co-treated MG-63 cells and significantly increased in the miR-495 inhibitorand MT 3ʹ UTR vector co-transfected HOS cells compared with the NC groups ( Figure 4B ). No significant differences were found in the MT 3ʹUTR vector-treated groups ( Figure 4B ). Furthermore, in Lenti-miR-495-and miR-495 mimic-treated MG-63 cells, the expression of HSP90AA1 is significantly downregulated and in miR-495 inhibitortreated HOS and Saos-2 cells, the HSP90AA1 expression increased ( Figure 4C ). These data indicated that miR-495 inhibits HSP90AA1 expression by directly binding to its 3ʹ UTR.
miR-495 inhibits the invasion and migration of osteosarcoma cells through HSP90AA1
To determine the role of HSP90AA1 in the miR-495-mediated anti-metastatic effect on osteosarcoma cells, we transfected MG-63 cells with HSP90AA1 shRNA with or without miR-495 inhibitor ( Figure 5A and 5C) and treated HOS and Saos-2 cells with pHBLV-HSP90AA1 which contained the coding sequence of HSP90AA1 with or without miR-495 mimic ( Figure 5B , 5D, 5E).
Results from wound-healing assays and metrigel invasion assays showed that inhibition of endogenous HSP90AA1 suppressed the invasion and migration of MG-63 cells ( Figure 5C ) and expression of exogenous HSP90AA1 enhanced these two malignant features of HOS and Saos-2 cells ( Figure 5D and 5E). In addition, the silencing of endogenous HSP90AA1 by shRNA partially reversed the miR-495 inhibitor-induced cell migration and invasion ( Figure 5C ), whereas the introduction of exogenous HSP90AA1 by pHBLV-HSP90AA1 partially neutralized the miR-495 mimic-mediated suppression on the migration and invasiveness of osteosarcoma cells ( Figure  5D and 5E). Collectively, these data suggested that miR-495 inhibits the invasion and migration of osteosarcoma cells through HSP90AA1.
Effects of HSP90AA1 on the PI3K/AKT signaling pathway
PI3K/AKT/mTOR is one of the most important signaling pathways in tumor progression and promotes invasion and metastasis in many cancers [17] [18] [19] . To explore if this pathway promotes osteosarcoma metastasis, we determined the expression of key molecules AKT and mTOR, and the changes in their phosphorylation levels by western blot analysis. As depicted in Figure 6A , HSP90AA1 knockdown was able to reduce the AKT and mTOR phosphorylation levels and to drive an anti-EMT process on MG-63 cells. Meanwhile, exogenous HSP90AA1 expression increased the phosphorylation level of these two key molecules and an EMT alteration could also be seen in HOS cells under pHBLV HSP90AA1 treatment ( Figure 6A ). Moreover, we treated the pHBLV HSP90AA1-transfected cells with the PI3K/AKT signaling pathway inhibitor LY-294002 ( Figure 6B ). The results indicated that the inhibitor could significantly inhibit the PI3K/AKT pathway, as well as the EMT process implicated by increased E-cadherin and decreased Vimentin levels, both of which were activated by HSP90AA1 upregulation ( Figure 6A and 6B ). These data demonstrated that HSP90AA1 induces EMT to promote osteosarcoma invasion and metastasis by the PI3K/AKT signaling pathway. Taken together, miR-495 inhibit HSP90AA1 expression and, then the downregulated-HSP90AA1 inhibits EMT by blocking PI3K/AKT signaling pathway.
DISCUSSION
MiRNAs can function as tumor-suppressive genes or oncogenes associated with a broad range of tumor biological processes, such as recurrence and metastasis which can severely reduce the survival rate of patients with osteosarcoma. Dysregulation of miR-495 is frequently observed in human cancers, but the role of miR-495 in regulating tumor invasion and migration is controversial. In the present study, we provided the first evidence for the downregulation of miR-495 in osteosarcoma tissues and cell lines and revealed that miR-495 inhibits the invasion and metastasis of osteosarcoma cells both in vitro and in vivo.
We To further prove the anti-metastatic role of miR-495, we analyzed the alterations of EMT markers following the increase or decrease of miR-495 level. Tumor metastasis begins with EMT, a highly conserved cellular program by which cells lose intercellular adhesion and obtain migratory and invasive capabilities [20] [21] [22] [23] . This important process generates an aggressive tumor phenotype that leads to local metastasis via direct invasion or to distant metastasis via lymphatic and circulatory systems [24] . Tumor metastasis can presumably be inhibited by targeting factors involved in EMT [25] [26] [27] . Our results revealed that overexpression of miR-495 suppressed the process of EMT with upregulated expression of the epithelial marker E-cadherin, and decreased expression of the mesenchymal markers Vimentin. Conversely, decreased E-cadherin expression and increased expression of Vimentin were found after transfection with miR-495 inhibitors. The transcription factors Snail and ZEB1 which are involved in the process of EMT were downregulated in cells transfected with miR-495 mimics, and upregulated in cells transfected with miR-495 inhibitors. These results demonstrated that miR-495 could inhibit the process of EMT and thereby reduce the invasion and metastasis of osteosarcoma cells. In agreement with in vitro findings, our in vivo study also confirmed overexpression of miR-495 suppressed tumor metastasis in osteosarcoma xenografts.
We further demonstrated that HSP90AA1 is a direct target gene of miR-495. HSP90AA1 is a molecular chaperone that is up regulated in several cancers and promote the survival of cancer cells [28, 29] . It has been reported that increased level of HSP90AA1 also suggests poor prognosis of breast and pancreatic cancer patients [30, 31] . Therefore, HSP90AA1 is regarded essential for malignant transformation and progression in multiple cancer cells. We hypothesized that miR-495 may exert its anti-metastasis role in osteosarcoma via targeting of HSP90AA1 since bioinformatics analysis predicted that the 3ʹ-UTR of HSP90AA1 mRNA had a complementary site for miR-495 binding. We used western blot analysis and luciferase reporter assay to further confirm that HSP90AA1 is indeed a target of miR-495 in osteosarcoma cells. Furthermore, Rescue experiments validated that depletion of HSP90AA1 reversed the promoted cell invasion and migration in miR-495 knockdown cells. Taken together, these results demonstrated for the first time that miR-495 inhibits osteosarcoma cell invasion and metastasis by directly targeting HSP90AA1.
The PI3K/AKT/mTOR pathway is an intracellular signaling pathway which plays important roles in regulating cell survival, growth and migration [32] . In many cancers, this signaling pathway is frequently activated and is essential for cancer invasion and metastasis [33] [34] [35] . It has been reported that EMT could be mediated by PI3K/AKT/mTOR pathway [36] . However, the relationship between HSP90AA1 and EMT remains unknow. The effect of HSP90AA1 on PI3K/ AKT/mTOR pathway also remains unknown. In this study, we found that HSP90AA1 could upregulate the phosphorylation of AKT and mTOR, and at the same time induce EMT of osteosarcoma cells. In the meantime, inhibitor of the PI3K/AKT pathway not only blocked the activated PI3K/AKT/mTOR pathway upon HSP90AA1 upregulation, but also reversed the accompanying EMT process. These results further shed light on the molecular mechanisms underlying the tumor-suppressive effect of miR-495 targeting HSP90AA1 in osteosarcoma cells, which was mediated by downregulating the PI3K/Akt/ mTOR signaling pathway.
In conclusion, we demonstrated significantly lower expression of miR-495 in human osteosarcoma tissues and cell lines. By targeting HSP90AA1, miR-495 suppresses osteosarcoma cell invasion and migration both in vitro and in vivo. Importantly, this metastasis-suppressive function of miR-495 is achieved by inhibiting the EMT via HSP90AA1-mediated the PI3K/Akt/mTOR pathway. Therefore, our study found that miR-495 may be a potential biomarker and therapeutic target in the clinical treatment of osteosarcoma.
MATERIALS AND METHODS
Human tissue samples
Ten human osteosarcoma tissues and adjacent normal soft tissues were collected from the Department of Orthopedics in Xijing Hospital affiliated to the Forth Military Medical University (Supplementary Table 1 ). All tissues were confirmed by histological examination and the diagnoses of these samples were verified by pathologists. The study was approved by the Medical Ethics Committee of Forth Military Medical University, and written informed consents for research purpose were obtained from each patient. Figure 5: HSP90AA1 is involved in miR-495 mediated tumor suppressive effects. (A, B) Gibco) . All of the cell cultures were supplemented with 10% fetal bovine serum (FBS, Gibco) and were incubated in a humidified atmosphere of 5% CO2 at 37° C.
RNA isolation and quantitative real time-PCR (qRT-PCR)
Total RNA and miRNA were extracted from cultured cells or tissue samples with TRIzol Reagent (Invitrogen, Carlsbad, NM, USA) according to the manufacturer's instructions. Reverse transcription reactions for mRNA and miRNA were then performed with PrimeScript™ RT Master Mix and SYBR® PrimeScript™ miRNA RT-PCR Kit (TaKaRa Bio Group, Shiga, Japan), respectively. qRT-PCR analyses were performed using SYBR® Premix Ex Taq™ II (TaKaRa) on a Bio-Rad CFX96 system (Bio-Rad, Hercules, CA, USA) according to the manufacturer's protocols. β-actin mRNA was used as an endogenous control. The relative expressions of miRNAs were normalized by U6 SnRNA. Data were analyzed with comparative delta Ct method. The primers used for qRT-PCR analyses are in Supplementary Table 2 .
Cell transfection
The overexpression or knockdown of miR-495 was accomplished by transfecting cells with synthetic miR-495 mimic or inhibitor purchased from Genephama (Shanghai, China). Overexpression vector pHBLV HSP90AA1 and HSP90AA1 shRNA were also obtained from GenePharma. Osteosarcoma cell lines were transfected with plasmids and oligonucleotides using Lipofectamine 3000 Transfection Reagent (Invitrogen) at final concentrations of 2 μg/ml and 50 nM respectively for 48 h, according to the manufacturer›s instructions. MG-63 cells were transfected with lentiviral particles of NC/miR-495 (Lenti-NC/Lenti-miR-495, Titer: 1.02 × 10 9 copies/ml, bought from GeneCopoeia, Guangzhou, China) according to the manufacturer's instructions.
Cell migration and invasion assays
For the wound-healing assays, osteosarcoma cells were seeded into 6-well plate after transfected with miR-495 mimic, miR-495 inhibitor and mimic NC/inhibitor NC. A linear wound was carefully made by a sterile pipette tip across the confluent cell monolayer and then wound closures were observed by taking photographs under a microscope at 0, 24 and 48 hours. Matrigel invasion assays were performed with Matrigel (BD Biosciences, Heidelberg, Germany) and 8-μm, 24-well trans-well chambers (Millipore, Billerica, MA, USA) following the manufacturer's instructions. Cells were diluted with serum-free culture medium and placed into the upper chamber. After cultured for 48 hours, migrated cells were stained with 0.1% crystal violet for 10 minutes at room temperature, and photographs were taken of ten randomly selected fields of fixed cells.
Western blot analysis
The protein concentration was quantified with the BCA method. Proteins were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto polyvinyl fluoride (PVDF) membranes by using Mini-PROTEAN Tetra Electrophoresis System (Bio-Rad). The PVDF membrane was incubated with primary antibody against HSP90AA1 (1:1000 dilution, Proteintech 13171-1-AP), E-cadherin (1:100 dilution, Santa Cruz Biotechnology sc-7870), Vimentin (1:100 dilution, Santa Cruz Biotechnology sc-66002), p-Akt (1:1000 dilution, Abcam 38449), Akt (1:1000 dilution, Abcam ab8805), p-mTOR (1:1000 dilution, Abcam ab109268) and mTOR (1:1000 dilution, Abcam ab32028) overnight at 4°C, followed by an incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. β-actin (1:2000 dilution, Sigma-Aldrich A1978) was used as a loading control. The signals were detected by an enhanced chemiluminescence system (ECL System, Alpha Innotech, San Leandro, CA, USA) according to the manufacturer's instructions.
Bioinformatics
The publicly available algorithms were used to predict potential miR-495 targets: TargetScan (http://www. targetscan.org/), PicTar (http:// pictar.mdc-berlin.de/) and miRanda (http://www.microrna. org/microrna/home.do).
Luciferase reporter assay
Human HSP90AA1-3ʹ untranslational region (3ʹUTR) reporter plasmids containing the putative binding sequence of miR-495 (wild-type, WT) and its identical sequence with a mutation in the miR-495 seed sequence (mutant, MT) were synthesized by Hanbio (Shanghai, China). Both of these sequences were inserted between the EcoRI and EcoRV restriction sites of the pGL3-msc2 reporter vector (Promega, Madison, WI, USA), and validated by sequencing. Luciferase reporter assay was performed as previously described. In brief, MG-63 and www.impactjournals.com/oncotarget HOS cells were seeded at 3 × 10 4 /well in 48-well plate and each well was transfected with HSP90AA1-3ʹUTR WT/MT vectors (100 ng/well) and mimic NC/ miR-495 mimic (50 nM) for MG-63 cells or inhibitor NC/miR-495 inhibitor (50 nM) for HOS cells. A Renilla luciferase construct (pRL-TK; Promega; 10 ng/well) was transfected for normalization. The luciferase activity was measured 48 h after transfection using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.
Animal experiments
Male Nude nu/nu mice (4-6 weeks old) were purchased from the Experimental Animal Center of the Forth Military Medical University and housed under specific pathogen-free conditions. To evaluate the lung metastatic potential of osteosarcoma cells in vivo, 5 × 10 6 MG-63/Lenti-NC or MG-63/Lenti-miR-495 cells in 200 μl of serum-free medium were injected into nude mice through the tail vein. Mice were sacrificed 4 weeks after cell injection. Individual organs from the mice were removed, and metastatic tissues (lung) were analyzed with H&E staining. All animal experiments complied with ethical regulations and humane treatment and were approved by the Medical Ethics Committee of FMMU.
Statistical analysis
Data are expressed as the mean ± standard. Student's t-test or one-way ANOVA were used to evaluate statistical significance between two groups. One representative experiment is shown in the triplicates used for the statistical analysis. A P-value of < 0.05 was considered statistically significant. 
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